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Surface structure of (100) GaP grown by gas source molecular 
beam epitaxy 
J. N. Ba.illargeon, K. Y. Cheng, and K. C. Hsieh 
Center for Compound Semiconductor ltficroelectronics and Coordinated Science Laboratory, University 
of Illinois at Urbana-Champaign, Urbana, Illinois 61801 
(Received 3 January 1990; accepted for publication 20 March 1990) 
In situ reflection high-energy electron diffraction analysis was used to investigate the surface 
structure of the GaP epitaxial layers grown on (lOO)GaP substrates by gas source 
molecular beam epitaxy as a function of substrate temperature and V IIIl flux ratio. It was 
found that for GaP, column V and column HI stabilized surfaces corresponded to the 
(2X4) and (4X2) reconstruction pattern, respectively, which is characteristic of most all 
III-V binary compound semiconductors. In the transition region, however, the surface 
exhibited a (@ X 4) reconstruction pattern. At substrate temperatures below 660 and 690 ·C 
for P- and Ga-stabilized surfaces, respectively, the surface structure was insensitive to 
temperature, Beyond 660 and 690 ·C, the surface structure exhibited an exponential flux 
dependence with increasing substrate temperature. 
GaP is one of the most widely used visible light-
emitting diode materials in use today because it is capable 
of emitting light in three different colors-red, yellow, and 
green. I Epitaxial GaP has typically been grown by liquid 
phase epitaxy (LPE) and vapor phase epitaxy (VPE) 
techniques; however, neither of these two techniques are 
readily adaptable to thin layer growth. Since GaP has an 
indirect energy band gap with low mobility and large ef-
fective mass, and is therefore largely undesirable for high-
speed electronic device application, very little effort has 
been expended on developing alternative GaP growth tech-
niques. Even though GaP lacks potential for high-
frequency applications, it is one of only a few semiconduc~ 
tor materials which emit in the visible portion of the 
optical spectrum, Futhermore, none of the high-speed de-
vice materials are capable of operating at elevated temper-
atures. 
Presently, there is a desperate need for high-tem-
perature electronic materials for improving the perfor-
mance and efficiency of the jet aircraft engine, the internal 
combustion engine, and for satellite system electronics.2,3 
Because of its high-energy band gap, low intrinsic carrier 
concentration, good thermal conductivity, and thermal 
stability,4 GaP is an excellent choice for such high-
temperature electronic applications. GaP substrates permit 
growth of lattice-matched AlxGal -.J' epitaxial layers, 
which are capable of sustaining even higher operating tem-
peratures. However, to achieve optimum performance at 
high temperatures using AlxGal_xP/GaP, the device must 
be constructed with thin epitaxial layers to utilize the high-
field transport properties. Thin-layer device structures re-
quire a growth process other than LPE or VPE. One pos-
sible alternative epitaxial GaP growth technique is gas-
source molecular beam epitaxy (GSMBE). 5 Critical to the 
development of this material for device applications is the 
dependence of crystal quality upon V lIn flux ratio and 
growth temperature. Ii,7 In this letter we report the surface 
structure phase diagram for GaP grown on (100) GaP by 
GSMBE. Using in situ reflection high-energy electron dif-
fraction (RHEED) techniques, we have determined the 
surface structure of (100) GaP and the dependence of this 
surface structure and surface morphology upon the V lIn 
flux ratio and growth temperature. 
The epitaxial growth of GaP was performed in a mod-
ified MBE system equipped with both a 2500 lIs (Hz) 
cryopump and a 7000 rls (Hz) diffusion pump. The gas 
handling was performed using an EMCORE GS3000 sys-
tem. The PH] was injected through a gas cracker which 
was connected at the source flange of the MBE system. The 
gas cracker was constructed of a 6-in,-long outer pyrolytic 
boron nitride (PBN)/pyrolytic graphite heater tube and a 
12-in.-Iong inner molybdenum (Mo) tube with PBN and 
tantalum baffiing, During growth, the temperature of the 
cracker was operated at 950·C for maximum Pz/P4 ratio 
and high cracking efficiency (> 99% ). 
Prior to growth, the (100) GaP substrate was 
degreased in trichloroethylene foHowed by rinsing in ace-
tone, methanol, and de~ionized water. After cleaning, the 
substrate was etched in 4 HCl:4 HN03:5 H 20 for 5 min at 
23 "C followed by a 90 s water rinse. This sample prepara-
tion procedure left a featureless surface with a thin native 
oxide as the protective layer. After passivation the sub-
strate was bonded with In to a clean Mo block in prepa-
ration for thermal cleaning. The in situ desorption of the 
native oxide was performed by heating the substrate from 
25 to 64O'C in 15 min under a P 2 flux. The substrate 
temperature was measured with an optical pyrometer 
which was calibrated with both a Si-Al eutectic (577 ·e) 
and the melting point of GaSb (712 ·C). Using the above 
outlined cleaning procedure and substrate heating rate, the 
oxide desorption temperature was consistently measured 
between 635 and 640 "C. Growth was perfonned in the 
temperature range of 570--730·C while the growth rates 
were varied between 0.02 and 5.0 ttmlh and the PH3 flow 
rates were varied between 0.8 and 4.0 sccm. With the 
above growth conditions, typical equilibrium growth 
chamber pressures ranged between (2-8) X 10- 6 Torr. 
The V IIII flux ratio was determined from the ion cur-
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FIG. 1. Surface structures of the (100) GaP as a function of V IIII ratio 
and substrate temperature. The Prstabilized surface has a (2X4) pat-
tern, the Ga-stabilized surface has a diffuse (4 X 2) pattern, and the tran-
sition region pattem is ( j 19 X 4), TIle energy of the RHEED electron gun 
is 10 keY. Also plotted is the equilibrium vapor pressure of P2 along the 
liquidus curve of the Ga + P system (Ref. 12). The point marked (A) at 
687·C is the congruent vaporization temperature of GaP. 
rent signal of a UTI lOOe quadrupole mass spectrometer 
which was fixed adjacent to the growth position. The col-
umn V flux was measured from the P2 (62 amu) current 
signal, and the column III flux was determined from the 
Ga (69 and 71 arnu) current signalso All current signals 
were corrected for transmission and ionization efficiency 
only since the electron multiplier was not used for signal 
acquisition. The V III! flux ratios obtained by this method 
are expected to be accurate to within a factor of 2.8 
Figure 1 shows the surface structure of the (100) GaP, 
as determined by RHEED, as a function orv IIII flux ratio 
and growth temperature between 575 and 730 "C. The di-
agram indicates that growth will occur in one of three 
distinct regions 0 The first region is the P 2 or column V 
stabilized growth region, and it is characterized by a 
(2X4) RHEED reconstruction pattern when viewed along 
the [HOl and [1101 azimuth directions [Fig. 2(a)l With-
in this region the growth rate is determined by the Ga flux 
aloneo Epitaxial layers grown in this region had a feature-
less surface morphology. The second region is the Ga or 
column III stabilized regiono Characterized by a (4 X 2) 
RHEED reconstruction pattern, the growth rate within 
this region is determined by the P2/Ga flux ratio and the 
sticking coefficient of the P2 molecule. Normal growth hav-
2202 Appl. Phys. Lett. Vol. 56, No. 22, 28 May 1990 
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FIGo 2. RHEED reconstruction pattern for (a) the P2 stabilized and (b) 
the transition region slirface structureso 
ing smooth surface morphology within this region cannot 
be achievedo Layers grown with Ga-stabilized surfaces dis-
played a rough or matte-type surface texture decorated 
with a high density of Ga droplets 0 This is because the 
boundary between the transition region and the Ga-
stabilized region corresponds to the equilibrium vapor 
pressure curve ofP2 along the Ga -+P liquidus of the liquid-
solid-vapor phase diagramo 9 For epitaxial growth below 
this boundary, the arrival rate of the P2 molecule is too low 
to satisfy the liquidus curve of the phase diagram. These 
characteristics are typical of those exhibited by most HI-V 
compound semiconductors with (laO) surfaceso6,7 
Between the Pz and Ga-stabilized regions is a transi-
tion region which is characterized by a ( ~ 19 X 4) RHEED 
reconstruction pattern [Figo 2(b)]. Within this transition 
region we observe a decreasing 1/4 order intensity and a 
simultaneous increase in 1/@ order intensity, as the V / 
III flux ratio decreaseso Additionally, only the two most 
inner diffraction lines of the 1/ VI 9 order are ever observ-
able, even with the 10 keY maximum electron energy of 
our RHEED system. This 1/ if9 order is not to be con-
fused with the 1/3 order, which has two evenly spaced 
secondary diffraction lines, nor the 1/5 order, which has 
four evenly spaced secondary diffraction lineso The diffrac-
tion pattern is similar to the 11 JI9 order observed by Cho 
et aL 10 on ( 111 )B GaP; however, they were able to observe 
the entire structureo It is possible that their ability to ob-
serve the entire structure was due to the higher energy of 
their electron gun (40 keY), or more likely, it is related to 
the orientation of the substrate itself. Like the Prstabilized 
surfaces, layers grown within the transition region also ex-
hibited featureless surface morphologyo Further work will 
be conducted on (111)B in order to help facilitate a better 
understanding of this surface structureo 
The surface structures of GaP are vi.rtually insensitive 
to the substrate temperature between 575-660·C for the 
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P2-stabilized transition and 575-690°C for the Ga-
stabilized transition. In this temperature-independent re-
gion, the RHEED patterns change from (2 X 4) to (@ 
X 4) and (® X 4) to (4X2) only at fixed V IIII flux ra-
tios of 2.9 and 1.2, respectively. Above the growth temper-
atures of 660 and 690 nc, the transition of surface structure 
from a (2 X 4) to (1119 X 4) and a (® X 4) to (4 X 2), 
respectively, exhibited a temperature-dependent V IIll fiux 
ratio. The temperature/fiux dependent behavior near 
690·C corresponds closely to the congruent sublimation 
(or vaporization) temperature of GaP ( 675 ·C) determined 
by WOOd,lI and that predicted by the Ga +P liquid-solid-
vapor phase diagram12 (687 ·C) plotted in Fig. L For 
growth temperatures greater than the congruent vaporiza-
tion temperature, the surface structure is exponentially de-
pendent upon the V IIII flux ratio. The V IIII flux ratio 
curve should follow the equilibrium P2 vapor pressure 
curve (along the Ga +P liquidus) above the congruent va-
porization temperature.9 Our experimentally determined 
boundary between Ga-stabilized and transition regions, 
however, does not strictly follow this P2 equilibrium vapor 
pressure curve. This disparity is most likely due to the 
combination of experimental errors between their vapor 
pressure data and our V lUI flux ratio data. 
In conclusion, the surface structures of epitaxial GaP 
grown on (100) GaP substrates using GSMBE were deter-
mined by RHEED. Under P2 stabilization, GaP surfaces 
exhibited a (2 X 4) RHEED reconstruction pattern while 
Ga-stabilized surfaces exhibited a (4 X 2) RHBED pattern. 
GaP grown within the transition region exhibited a (d 9 
X 4) RHEED pattern. The minimum V IIII flux ratio re-
quired to maintain a P2-stabilized surface between 575 and 
2203 Appl. Phys. Lett., Vol. 56, No. 22, 28 May 1990 
660°C is 2.5, independent of substrate temperature. At 
temperatures higher than 690 ·C, the Villi flux ratio 
needed to maintain a non-Ga-stabilized surface increases 
exponentially with the substrate temperature as required 
by the phase diagram. 
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